Introduction
Apart from antimicrobial peptides, leukocyte-borne proteinase, and reactive oxidative species, polymorphonuclear neutrophils (PMNs) may also release their nuclear content to form web-like structures upon activation. These neutrophil extracellular traps (NETs) consist of DNA and granule-derived proteins such as neutrophil elastase, cathepsin G, bactericidal/permea-are able to activate PMNs [9] . In the present study we show that this activation also evokes very efficiently the formation of NETs. We further show that purified DNA as well as NET-DNA absorbs purified HK and FXII, and when added to plasma activates the contact system.
Methods

PMN Purification and Activation
PMNs were purified from blood of healthy donors using Polymorphprep (Fresenius) as described earlier [9] . The cells were washed and diluted in ME-Medium (Invitrogen) with HEPES buffer. Fifty microliters of 3 ! 10 6 cells/ml were seeded on polylysine-treated slides and activated with 100 mU/ml glucose oxidase (GO; Sigma) or 100 n M IL-8 (Pepro Tech) or 5 l of preformed M1 protein/fibrinogen complexes for 60 min (20 g purified M1 protein [10] added to 6 mg fibrinogen; the precipitate was suspended in 100 l MEM).
DNA Preparation
DNA from purified PMNs was isolated using the DNazol Reagent (Invitrogen) as described by the manufacturer.
Measurement of PK Activity PK activity in human plasma was measured after activation with purified DNA as follows. Ten microgram per milliliter DNA together with the chromogenic substrate (S2302) was incubated with human plasma for 60 min at 37 ° C. The absorbance was then measured after different time points at 405 nm. As a control, DNA were degraded with 200 mU DNase I (Ambion) for 30 min at 37 ° C before adding to plasma. To measure PK activity on activated PMNs, 200 l PMNs in MEM (3 ! 10 6 cells/ml) were stimulated with GO or IL-8 as described above. DNase I (200 mU; Ambion) was added to the controls and incubation was continued for 30 min at 37 ° C. The supernatants were gently removed and the cells were incubated with human plasma from the same donor for another 15 min at 37 ° C. After removing the plasma, cells were incubated in physiological salted sodium citrate buffer (13 m M ) containing the chromogenic substrate (S2023). Absorbance was measured over a time period of 60 min at 37°.
BK Measurements
Different concentrations of purified DNA (1, 10 and 100 g/ ml) were incubated with human plasma for 15 min at 37 ° C, and the BK content was measured as described earlier [11] . As controls, DNA samples were degraded with DNase I prior to incubation with plasma.
Statistical Analysis
Statistical analysis was performed using GraphPadPrism 4.00. The p value was determined by using the unpaired t test (comparison of 2 groups).
Scanning Electron Microscopy
Activated PMNs were immobilized on poly-lysine cover slides, before and after treatment with DNase I, fixed in 2.5% (v/v) glutaraldehyde and prepared for scanning electron microscopy as described earlier [9] .
Transmission Electron Microscopy
PMNs were activated as described above, and incubated with gold-labeled HK and FXII for 30 min at room temperature. Cells were then fixed with 2.5% glutaraldehyde, dehydrated and embedded in Epon as described earlier [9] . For negative staining, purified DNA (20 g/ml) were mixed with 20 n M HK and 20 n M FXII for 20 min at room temperature. Samples were then processed as previously reported [12] .
Results and Discussion
Activation of the Contact System by Soluble DNA Purified from PMNs
In the present study we wished to investigate whether NETs can provide a surface that allows the assembly and activation of contact system. As the skeletal structure of NETs is primarily built up by PMN-derived DNA [1] , in the first set of experiments we focused on soluble DNA purified from PMNs (also see Materials and Methods) and tested its interaction with the contact factors HK and FXII. To this end, purified human HK and FXII were incubated with DNA, negative stained, and examined with a transmission electron microscope. Figure 1 a shows negative-stained DNA, HK and FXII. When all components were mixed together, the micrographs revealed that DNA avidly recruited HK and FXII, which, interestingly, were always found in proximity to each other. To test whether binding of HK and FXII to soluble DNA is followed by an activation of the contact system, we monitored PK hydrolysis in DNA-treated plasma. As shown in figure 1 b, an increase in the cleavage of a PK-specific substrate was seen when soluble DNA was added to plasma, but not with DNase I-treated DNA. It should be noted that the DNase treatment had no influence on the activity of PK in kaolin-activated plasma, implying that hydrolysis of the PK substrate is not influenced by DNase or contaminants thereof (data not shown). Finally, we measured whether activation of PK is followed by the release of BK, which was indeed seen when DNA was mixed with plasma and prevented when DNA was degraded by DNase I prior adding to plasma ( fig. 1 c) . Taken together, the data demonstrate that purified DNA has the ability to assemble and activate the contact system.
The Contact System Is Bound and Activated on NETs
To test whether not only soluble DNA but also NETs can activate the contact system, PMNs were stimulated with glucose oxidase or IL-8. Both substances have been earlier reported to trigger NET formation [13] and this was also confirmed in our studies by fluorescence and scanning electron microscopic analysis of PMNs activated with GO ( fig. 2 a) or IL-8 (data not shown). As expected, incubation of GO-stimulated PMNs with DNase I, led to a complete degradation of the NET structures ( fig. 2 a) . In the next series of experiments, GO-activated PMNs were mixed with gold-labeled HK and FXII and further analyzed by transmission electron microscopy ( Fig. 2 b) . Ultrathin sections of the stimulated PMNs revealed fine extracellular fibers, which were absent in the DNase Itreated control ( fig. 2 b) . Furthermore, HK (small gold particles) and FXII (large gold particles) were exclusively attached to these fibers ( fig. 2 b) and, importantly, they were always found in close proximity to each other as seen before in experiments with soluble DNA ( fig. 1 a) . To test whether the contact system is activated on NETs, we measured PK activity in plasma treated with nonactivated and activated PMNs. Figure 2 c depicts that the addition of nonactivated PMNs to plasma did not trigger an increase in PK activity, while GO-or IL-8-stimulated PMNs induced a significant rise, which was reduced to background levels when DNase I was added to the PMNs. Based on these findings we conclude that the contact activation occurs on NET fibers.
M1 Protein/Fibrinogen Complexes Induce NET Formation
There is a growing body of evidence showing that NETs can be generated upon activation of PMNs by im- [13, 14] . Also, lipopolysaccharide, a bacterial membrane component of Gram-negative bacteria, was proven to evoke NET formation [1] . We recently reported that soluble M1 protein of S. pyogenes forms complexes with fibrinogen which then trigger PMNs to mobilize their granular proteins [9] . Based on these findings, we were wondering whether this interaction also leads to the formation of NETs. PMNs were therefore incubated with M1 protein/fibrinogen complexes for 60 min and then subjected to analysis by fluorescence and scanning microscopy. Figure 3 a shows that the treatment of PMNs with M1 protein/fibrinogen complexes induced a clumping of cells and the release of DNA. Analysis of the cell aggregates by scanning electron microscopy revealed that PMNs were entrapped within an amorphous precipitate built up by M1 protein/fibrinogen complexes and overlaid with NET fibers ( fig. 3 b) . In PMN controls using M1 protein or fibrinogen alone, no aggregates or NET formation were observed (data not shown). Although DNase I treatment was able to dissolve the NET fibers, PMNs were still found in aggregates made up by M1 protein/fibrinogen complexes ( fig. 3 c, d ).
The concept of contact activation on oligonucleotides is not entirely novel, as Kannemeier et al. [6] showed in 2007 that extracellular RNA provides a surface that allows activation of the contact system. However, we show here for the first time that extracellular DNA is also able to activate the contact system. Keeping in mind that contact activation leads to the processing of HK followed by the release of antibacterial peptides [15] and BK, a potent inflammatory mediator [for a review, see 16 ] , it is tempting to speculate that the recruitment and activation of the contact system by NETs amplifies the innate immune response. On the other hand, streptococci may take advantage of the host defense mechanism and counteract in that they immobilize PMNs distantly from the infectious site by releasing M proteins which in concert with fibrinogen crosslink the cells and form an insoluble layer made of M1 protein/fibrinogen complexes around the PMNs. Whether or not the activation of PMNs by streptococci can neutralize the protective effect of NETs or even lead to systemic inflammatory reaction, needs to be unraveled.
